Dry matter accumulation of plants utilizing NH4F as the sole nitrogen source generally is less than that of plants receiving N03-unless acidity of the root-zone is controlled at a pH of about 6.0. To test the hypothesis that the reduction in growth is a consequence of nitrogen stress within the plant in response to effects of increased acidity during uptake of NH4' by roots, nonnodulated soybean plants (Glycine max [L.] Merr. cv Ransom) were grown for 24 days in flowing nutrient culture containing 1.0 millimolar NH4' as the nitrogen source. Acidities of the culture solutions were controlled at pH 6.1, 5.1, and 4.1 ± 0.1 by automatic additions of 0.01 N H2SO4 or Ca(OH)2. Plants were sampled at intervals of 3 to 4 days for determination of dry matter and nitrogen accumulation. Rates of NH4' uptake per gram root dry weight were calculated from these data. Net CO2 exchange rates per unit leaf area were measured on attached leaves by infrared gas analysis. When acidity of the culture solution was increased from pH 6.1 to 5.1, dry matter and nitrogen accumulation were reduced by about 40% within 14 days. Net CO2 exchange rates per unit leaf area, however, were not affected, and the decreased growth was associated with a reduction in rates of appearance and expansion of new leaves. The uptake rates of NH4' per gram root were about 25% lower throughout the 24 days at pH 5.1 than at 6.1. A further increase in solution acidity from pH 5.1 to 4.1 resulted in cessation of net dry matter production and appearance of new leaves within 10 days. Net CO2 exchange rates per unit leaf area declined rapidly until all viable leaves had abscised by 18 days. Uptake rates of NH4', which were initially about 50% lower at pH 4.1 than at 6.1, continued to decline with time of exposure until net uptake ceased at 10 days. Since these responses also are characteristic of the sequence of responses that occur during onset and progression of a nitrogen stress, they corroborate our hypothesis.
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Several plant species supplied with moderate concentrations of NH4, as the sole nitrogen source generally do not grow as well as when supplied with similar amounts of NO3- (7, 8, 20) . The reduction in growth with NH4+ as the nitrogen source has been attributed to the combined effects of acidification of the rootzone associated with the excess influx of cations relative to influx of anions during absorption of NH4+ (8) and toxic accumulation of free NH4+ or ammonia in plant tissues (18, 29 First, the rate of NH4+ uptake per unit root mass is decreased by increased acidity (12) (13) (14) . Second, root growth is reduced as acidity is increased (23) , which could further reduce uptake of nitrogen from an NH4+ source. Finally, most of the NH4' entering plants is assimilated into soluble amide and amino compounds in the roots and transported to the shoot (5, 9, 10). Increased acidity of the root-zone apparently initiates a series of events which result in increased degradation of organic nitrogen compounds stored within the leaves with release of free NH4+ or ammonia (2, 5) . Availability of carbohydrate regulates reincorporation of the released NH4+ or ammonia into organic compounds and thus governs the occurrence of toxic effects (5) , including reduced photosynthetic activity (1, 18) . Based on this analysis of the literature, we propose that the reduction in plant growth associated with NH4' nutrition begins with the reduction in both root mass and uptake rate of NH4' per unit root mass in response to acidification of the root-zone during absorption of NH4+. The initial consequences of NH4' uptake on plant growth thus would be related to a restriction in nitrogen availability, including a reduction in leaf initiation and expansion and total dry matter production, but not a reduction in the photosynthetic rate per unit leaf area (21, 27, 28 (Fig. 1 ) and total nitrogen (Fig. 2) , as well as distribution within the component parts, were nearly the same at pH 6.1 as previously observed under both NO3-and NH4' nutrition at pH 5.8 (24) and under NO3-nutrition at pH 6.1 (23) . When acidity of the culture solution was increased from pH 6.1 to 5.1, both dry matter ( Fig.  1) and nitrogen (Fig. 2 (21, 27) .
As acidity of the root-zone is increased, uptake rate of NH4'
per unit root mass has been reported (12) (13) (14) to be reduced during short-term exposure. The rates of uptake of NH4+ per g root dry weight calculated for this study (Fig. 3A) (6, 19, 21, 27, 28) . The reduction between pH 6.1 and 5.1 in rate of increase in weight (Fig. 1 B) and total area (Fig. 4A ) of leaves was attributable primarily to a reduction in rate of initiation and emergence of lateral branches and leaves (Fig. 4B,  inset) . The net CO2 exchange rate per unit area of leaves (Fig.  3B) was not significantly affected by the change in pH from 6.1 to 5.1. These responses to the increased acidity between pH 6.1 and 5.1 are thus responses characteristic of acclimation to an internal nitrogen stress.
When acidity of the culture solution was further increased from pH 5.1 to 4.1, the specific uptake rate of NH4' declined rapidly (Fig. 3A) . Functions of roots other than nitrogen uptake can be altered by rhizosphere acidity. Production and translocation of such growth hormones as cytokinins possibly are affected by acidity. Certainly, the growth rate of roots is reduced as acidity increases (23) . When soybean plants that received NO3-as the sole nitrogen source were grown at pH 6.1, 5.1, and 4.1, an initial reduction in rate of root growth at the lower pH levels was followed by a reduction in rate of shoot growth (23) . The uptake rate of NO3 per unit root mass, however, is enhanced by increased acidity (12, 23) and after 20 d of exposure to pH 5.1 and 4.1 rates of accumulation of nitrogen and dry matter by the plants exceeded those of plants at pH 6.1 (23) . These data support the conclusion that the eventual acclimation of N03 -fed plants to initial effects of acidity on root growth involves avoidance of a nitrogen stress within the plant by the enhanced rate of NO3 uptake with Fig. 1) and rate of NH4' uptake per unit root mass (Fig. 3) would exacerbate development of a nitrogen stress.
During the pretreatment period, all plants received NO3 as the sole nitrogen source. At the time of transfer to the treatment solutions containing NH4' as the sole nitrogen source, 2.5 mg of the 33.7 mg total nitrogen per plant (or about 7%) was present as NO3- (Figs. 5 and 2A) . The extent to which this pool of NO3 was reduced within the plants after transfer to NH4' as the nitrogen source was affected by acidity of the culture solution (Fig. 5) . For plants at pH 6.1, less than half of the NO3 was reduced within the first 4 to 7 d of treatment, and very little of the remaining NO3 was reduced during the treatment period.
As acidity of the culture solution was increased, more of the residual NO3 was reduced. The residual NO3 pools in the plant parts followed the general pattern of depletion after transfer to NH4+-containing solutions (data not shown). The extent of depletion of NO3 at all pH levels was greatest in roots and least in stems, and with all organs the depletion was increased in response to increased acidity of the culture solution. We assume that the amount of residual NO3 depleted after transfer to the NH4' solution at pH 6.1 represents the portion in cytoplasmic and vascular pools which is readily accessible to reduction and assimilation. The remaining portion of the residual NO3-thus would represent NO3-sequestered in less accessible pools such as vacuoles and released into more accessible pools as current uptake of nitrogen fails to satisfy demand. Since the pool of NO3-in tissues is depleted very rapidly during onset of a nitrogen stress (21, 27) , these results are consistent with the hypothesis that the reduction in uptake rate of NH4' per unit root mass as acidity of the root-zone is increased leads to development of a nitrogen stress within the plant.
The concentration of the reduced nitrogen fraction (total nitrogen minus NO3 nitrogen) in tissues generally declined as the plants aged (Table I) . Although influenced by the utilization ofNO3 pools (Fig. 5) , the total nitrogen concentrations in organs declined as expected (17, 19, 21, 22, 27) during this period of vegetative growth (cf Figs. 1 and 2) . In leaves and roots, the rate of decline in concentration of reduced nitrogen became more rapid as ambient acidity was increased, while in stems the rate of decline was slower as acidity was increased (Table I ). The increased concentration of reduced nitrogen in stems at pH 4.1 probably reflects remobilization within the plant. The decrease in concentration of reduced nitrogen in roots grown at pH 4.1 indicates that organic nitrogen compounds were not accumulating within these tissues. Thus, end-product inhibition most likely is not associated with the effects of external acidity on the rate of NH4' uptake per g root (Fig. 3) , providing that NH4' is primarily assimilated within the root tissues (5, 9, 10). Rather, (Fig. 3A) was reduced and a reduction in growth (Fig. 1) (Fig. 3B) was unaffected, but meristematic activity, including appearance of new leaves and axillary branches and expansion of leaf area (Fig. 4) , was reduced. The preceding responses are consistent with the effects of an internal nitrogen stress under NO3-nutrition (21, 27, 28) and thus can be attributed to the effect of the increased acidity on reducing the rate of NH4+ uptake per unit root mass (Fig. 3A) .
When acidity of the culture solution was reduced further to pH 4.1, net dry matter accumulation of the plants (Fig. 1) , as well as meristematic activity (Fig. 4) , ceased within about 10 d. The little photosynthetic activity measured after 10 d (Fig. 3B ) was insufficient to overcome the rapid abscission of leaves (Fig.  4B) . That a severe nitrogen stress rapidly developed in these plants following transfer to the NH4+ culture solution of pH 4.1 is indicated by the rapid decline in uptake rates of NH4' (Fig.  3A) and the rapid assimilation of the NO3-pool present at the time of transfer (Fig. 5) . Maintenance respiration would be expected to continue even after nitrogen availability within the plant had declined to levels that preclude continued growth respiration (30) . We postulate that, as the decline in photosynthetic activity results in a depletion of carbohydrate reserves below the critical levels to meet the demands of maintenance respiration, degradation of organic nitrogen compounds within the leaves is required as an energy source. Continued degradation of organic nitrogen compounds results in an accumulation of free NH4' or ammonia within the leaf tissues that ultimately leads to the development of toxicity symptoms. 
